Abstract Fast mode magnetosonic waves are typically confined close to the magnetic equator and exhibit harmonic structures at multiples of the local, equatorial proton cyclotron frequency. We report observations of magnetosonic waves well off the equator at geomagnetic latitudes from À16.5°to À17.9°and L shell~2.7-4.6. The observed waves exhibit discrete spectral structures with multiple frequency spacings. The predominant frequency spacings are~6 and 9 Hz, neither of which is equal to the local proton cyclotron frequency. Backward ray tracing simulations show that the feature of multiple frequency spacings is caused by propagation from two spatially narrow equatorial source regions located at L ≈ 4.2 and 3.7. The equatorial proton cyclotron frequencies at those two locations match the two observed frequency spacings. Our analysis provides the first observations of the harmonic nature of magnetosonic waves well away from the equatorial region and suggests that the propagation from multiple equatorial sources contributes to these off-equatorial magnetosonic emissions with varying frequency spacings.
Introduction
Fast mode magnetosonic (MS) waves are linearly polarized electromagnetic emissions, propagating across the ambient magnetic field B o with the wave vector k almost perpendicular to B o and with frequency ranging from the proton cyclotron frequency (f cp ) to the lower hybrid resonant frequency (f lh ) [Russell et al., 1970; Chen and Thorne, 2012] . The time-frequency spectrograms of MS waves usually display a series of narrow tones spaced at multiples of proton cyclotron frequency [Perraut et al., 1982; Němec et al., 2015a] .
MS waves are usually excited with very oblique wave normal angles by a natural instability associated with a ring distribution of energetic protons (over 10 keV) and a ring velocity comparable to or exceeding the local Alfvén speed [Perraut et al., 1982; Horne et al., 2000; Meredith et al., 2008; Chen et al., 2010 Chen et al., , 2011 . Previous studies suggest that MS waves can accelerate the energetic electrons (∼10 keV) up to relativistic electrons (MeV) on a time scale of~1 day, which is comparable to the time scale of acceleration by whistler mode chorus waves during storm times [Horne et al., 2007] . Due to their potential to transport energy from ring current ions to radiation belt electrons [e.g., Jordanova et al., 2012] , MS waves have recently received increasing attention in radiation belt physics.
Previous studies [Gurnett, 1976; Perraut et al., 1982; Němec et al., 2015a] show that MS waves consist of a complex superposition of many harmonic space lines near the magnetic equator. A new study [Balikhin et al., 2015] shows clearly harmonic nature of the equatorial magnetosonic waves at multiple of equatorial proton cyclotron frequencies, confirming that the instability is caused by harmonic cyclotron resonance with proton rings. Recently, Time History of Events and Macroscale Interactions during Substorms satellites, the Van Allen Probes, and Cluster satellites all observed rising tone structures of MS waves [Fu et al., 2014; Boardsen et al., 2014; Němec et al., 2015a] , whose formation might be due to nonlinear wave-particle interaction, as is the case with whistler mode chorus and electromagnetic ion cyclotron waves [Fu et al., 2014] , or might be due to propagation effects [Boardsen et al., 2014] where the group velocity tends to be slower when the wave frequency approaches to the lower hybrid resonance frequency.
Previous observations [Russell et al., 1970; Santolík et al., 2004; Hrbáčková et al., 2015] show that the majority of MS waves are confined near the magnetic equator region (|MLAT| < 5°), over a broad L shell distribution (2 < L < 9). Therefore, MS waves are also referred to as equatorial noise emissions [Russell et al., 1970] .
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However, only a few studies [Gurnett, 1976; André et al., 2002; Tsurutani et al., 2014] suggest that sometimes MS waves also can exist at off-equatorial region (|MLAT| > 5°). Based on the observations of Polar satellite, Tsurutani et al. [2014] recently reported that MS waves can exist at high latitudes as far as 60°away from the equator; however, the wave intensity of those high-latitude MS waves is weak, and also, the harmonic structures of MS waves were not clearly found. In this letter we will present spectral and polarization properties of a MS wave event that exhibits clear discrete spectral structures well away from the equatorial region (MLAT~17°). Backward ray tracing simulations give evidence that the off-equatorial emissions with varying frequency spacings originate from multiple equatorial sources.
Observations
An event of interest was measured on 13 March 2014 by the probe A of the twin Van Allen Probes (formerly known as the Radiation Belt Storm Probes). The Van Allen Probes have highly elliptical, low-inclination orbits with a perigee~1.1 R E and an apogee~5.9 R E [Mauk et al., 2013] , and are ideally suited to study the characteristics of magnetosonic waves. In this study, the data from the Electric and Magnetic Field Instrument Suite and Integrated Science (EMFISIS) [Kletzing et al., 2013] , the Electric Field and Waves Instrument (EFM) [Wygant et al., 2013] , the Helium, Oxygen, Proton, and Electron (HOPE) instrument [Funsten et al., 2013] of the Energetic Particle Composition and Thermal Plasma Suite [Spence et al., 2013] are used. EMFISIS consists of a fluxgate magnetometer, a Waveform Frequency Receiver (WFR), and a High-Frequency Receiver. The WFR measures six components of electric field and magnetic field for waves with frequency range from 10 Hz to 12 kHz, and WFR also provides wave propagation parameters which are computed onboard by the Singular Value Decomposition (SVD) method [Santolík et al., 2003] . The HOPE measures the Helium, Oxygen, Proton, and Electron with energy range from~1 eV to~50 keV. Figure 1a shows the orbit of the Van Allen Probe A from 01:19 to 06:19 UT on 13 March 2014. The overlapping green line demonstrates the off-equatorial region (MLAT~À16.5°to À17.9°) where MS waves are observed from 03:24 to 4:20 UT (7.18 to 9.04 MLT) at L shell from~2.7 to 4.6. The geomagnetic activity during the period MS waves are observed is shown in Figure 1b , suggesting that a moderate storm occurred with Dst index reaching below~À38 nT, AE over 455 nT, and Kp over 3. The variation of AE index indicates that this storm is a complex set of substorm activities. The magnetosonic waves are detected at the morning sector a few hours after the initiation of the storm, which is about the time scale for energetic ions to drift all the way around from the nightside, through the duskside and the noon to the morningside. 
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Figure 2 shows an overview of this off-equatorial MS wave event. As seen in Figures 2a-2b , which show the power spectral density of magnetic (B psd ) and electric (E psd ) components respectively, an enhancement of wave intensity both in the electric and magnetic field are observed at 03:24 to 04:20 UT, suggesting that these emissions are electromagnetic. Clearly, the enhanced waves are observed mainly between the proton gyrofrequency f cp (black curves) and the lower hybrid resonant frequency f lh (white curves), which is usually the frequency range of MS waves. The wave propagation parameters computed by the SVD method [Santolík et al., 2003] are shown in Figures 2c-2e. The ellipticity of these electromagnetic emissions is near 0, which means that the emissions are linearly polarized ( Figure 2c) ; the wave normal angle ( Figure 2d ) is close to 90°, which indicates that these waves are nearly perpendicular to the ambient magnetic field; the planarity is about 1 (Figure 2e ), suggesting that the waves are polarized nearly in a single plane [Santolík et al., 2003] . In addition, the electron density estimated from the spacecraft potential [Wygant et al., 2013] is plotted in Figure 2g , showing the existence of a gradual plasmapause where the electron density decreases from 1.5 × 10 3 cm À3 (at L~2.59) to 26 cm À3 (at L~3.18). Clearly, this off-equatorial MS event mainly occurs outside the plasmapause (L > 2.7) after~03:15 UT and seems not to be able to penetrate into the plasmasphere. The phase space density (PSD) at the pitch angle 90°for the ions with energy from~1 eV to~50 keV measured from the HOPE instrument [Funsten et al., 2013] is shown in Figure 2f . It can be seen that there is no pronounced ion ring in the heart of the intense waves in Figure 2f , suggesting that local proton harmonic gyroresonance instability is not operative at this latitude (~17°) of MS wave event, but it is possible that a ring distribution could still be present at the magnetic equator. Additionally, the waves in Figure 2 appear almost constant in frequency and do not vary with f lh or f cp, also suggesting that they are not produced locally.
A close-up view of these off-equatorial MS waves at magnetic component is shown in Figure 3 . It is clear that this MS wave event mainly occurred from 03:24 UT to 04:20 UT, within the frequency range of 90-260 Hz (covered by nine frequency channels of EMFISIS), and the intensity mostly peaks at frequency~150 Hz. The root-mean-square of wave amplitude over the frequency range from 90 Hz to 260 Hz,~22 pT, is weaker than the average amplitude (50 pT) obtained by Ma et al. [2013] .
The white rectangular in Figure 3 represents the burst mode observation of the wave instrument onboard, and the burst mode observation lasted over 15 min from 04:03:25 UT to 04:18:01 UT. A total of 12 sets of waveform samples of electric and magnetic vectors are recorded, with sampling rate 33,140 Hz and each lasting a period of 6 s. The first four waveform samples from 04:03:25 UT to 04:03:49 UT are almost seamlessly connected, which provides~24 s of continuous waveform in total. Those waveform samples at the first 24 s are examined in order to obtain high-resolution frequency spectral properties. First, the waveform samples are calibrated using the calibration method provided by instrument team (https://emfisis.physics.uiowa.edu/Waveform_Calibration). Second, fast Fourier transforms with time window of 3 s are applied to each component. Thus, the resulting frequency resolution is △ f = 0.33 Hz. Finally, the magnetic field power spectral density, computed as the sum of power spectral density of three magnetic components, is displayed in Figure 4a as a function of both frequency 
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and time. The magnetic field power spectral density as a function of frequency for a given time 04:03:28 UT (indicated by the vertical dashed line in Figure 4a ) is shown in Figure 4b . The red line in Figure 4b represents the moving average of the power spectral density over five neighboring frequency bins.
It can be seen in Figure 4 that the MS emissions consist of many discrete lines instead of being a broadband noise. There exists multiple frequency separation and the accurate identification of the frequency separation is hindered by the finite frequency broadness (about a fraction of hertz) and slight variation of discrete frequency with time. Nonetheless, two frequency separations,~6 Hz and~9 Hz, are clearly identified by eye inspection. The pink and black bars as an aid to the visualization, denoting the scale of 6 Hz and 9 Hz, respectively, are added in Figure 4b . It can be seen that the 6 Hz frequency separation is seen over the frequency from 130 to 165 Hz, while the 9 Hz frequency separation is clear from 173 to 232 Hz. Similar discrete lines are also present in the electric components (not shown).
The proton cyclotron frequencies both at equator and off-equatorial regions (MLAT~À16.5°to À17.9°) are computed. Specifically, the proton cyclotron frequency at equator region with L shell from 3.8 to 4.2 (see 03:50 to 04:03 UT in Figure 2 ) varies from~6 to 9 Hz, while for the same time interval of interest, the local proton cyclotron frequency ranges from~9 to 12 Hz. It can be seen that the frequency spacings in Figure 4 are close to the equatorial proton cyclotron frequency. This feature implies that the source region of the off-equatorial MS waves is near magnetic equator region.
Discussion
The observation of different frequency spacings implies that these MS waves at the off-equatorial region might originate from multiple equatorial sources having different proton gyrofrequencies. Using ray tracing 
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code HOTRAY [Horne, 1989] , a well-established model for waves in magnetized plasma, we perform backward ray tracing to examine propagation of magnetosonic waves and to identify the source location. Here a dipole magnetic field and a modified diffusive equilibrium described in Bortnik et al. [2011] are adopted, and the plasmapause is set to be L = 3.2 based on the plasma density observation in Figure 2g . Figure 5 shows the results of backward ray tracing simulation for rays with a given frequency of 160 Hz launched from off-equatorial region with MLAT = ±17°at L shell = 4. Although the waves are observed in the Southern Hemisphere, we perform ray tracing in the Northern Hemisphere for symmetries in both plasma density and dipole magnetic field about the equator. Because of the observed obliqueness of magnetosonic waves at this latitude (Figure 2d ), rays are launched with three wave normal angles (θ = 80°, 85°, and 90°) and each ray has both wave vectors pointing toward smaller L and toward larger L. A total of six rays are traced, and the ray path are shown in Figure 5a , where the blue, green, and red lines represent wave normal angles θ = 80°, 85°, and 90°, respectively, and the dashed (solid) lines represent launched wave vectors pointing toward smaller (larger) L. Figures 5b-5d display the variations of wave normal angle θ, L shell, and local proton gyrofrequency along the ray paths as a function of geomagnetic latitude λ.
As seen in Figure 5 , the oblique emissions at this relatively high-latitude region can originate from two spatially narrow equatorial regions in the same meridional plane. One equatorial source region locates at L ≈ 3.75 with equatorial proton gyrofrequency about~6 Hz, while the other one locates at L near 4.25 with equatorial proton gyrofrequency of~9 Hz. The two gyrofrequencies are consistent with harmonic frequency spacings in the observed emissions at the off-equatorial region (see Figure 4) . This gives evidence that the off-equatorial emissions of varying frequency spacings originate from multiple equatorial sources. One may also place a constraint on the oblique wave normal angle at the equator, which is usually θ > 80°for 
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the proton ring instability. Then such constraint will make the two spatial extensions narrower, because the three rays in Figure 5b (dashed and solid blue rays, and the solid green ray) have θ < 80°at the equator and thus violate the constraint.
One may also note that there is no prominent proton ring distribution at the off-equatorial region where the harmonic magnetosonic waves are observed (Figure 2g ). This may be due to the fact that those protons of equatorial pitch angle near 90°cannot access latitudes as high as 17°, where electrons of equatorial pitch angle at least less than 56°are available (assuming dipole magnetic field). Nonetheless, weak proton ring distribution (see energy bands around 20-50 keV in Figure 2f ) starts to appear as the satellite moves toward the magnetic equator (after 4:15 UT).
There might be two possibilities of observing discrete MS emission outside the source region. One possibility is that the source region is localized over a narrow range of L. Assuming that plasma waves are emitted at harmonics of the local proton gyrofrequency, one can estimate an upper limit of the L range to avoid merging into a continuum, that is, the L range corresponding to NΔf cp~fcp, , where N is the proton cyclotron harmonic number of interests, For the case of L = 4 and a typical value of N = 10, this condition yields an upper limit of the L range ΔL~0.075 under the assumption of a dipole magnetic field. This possibility is less likely according to previous estimation of ΔL >~0.1 [e.g., Němec et al., 2015b] . A second possibility is that the discrete structures at relatively high latitude can be retained due to propagation. Propagation characteristics constrain the origin of the off-equatorial MS wave emissions from spatially separated and localized regions inside the equatorial source region, instead of from the entire source region. As a consequence, the emissions have not yet merged into a continuum and discrete nature can be preserved off the equator. According to ray tracing simulation and consistent observations of the two clear harmonic spacings, the second possibility is likely the case.
We would like to provide three notes here. First, the observed wave amplitude (~22 pT) at this off-equatorial event is weak, which might be due to wave damping along the propagation [e.g., Horne et al., 2000] . Since there are no magnetosonic wave observations in the equatorial source at the same time, an accurate damping estimation is not possible. However, using the average wave amplitude 50 pT suggested by Ma et al. [2013] , a rather rough estimation of wave convective damping rate can be made:~ln (50 pT/22 pT)/(D s ) ≈ 1.1 × 10 À7 m
À1
. Here D s represents the distance traveled by the waves, which can be approximated as D s = L · MLAT · R E . In this event MS waves are detected at L~4, MLAT~17°, and here Earth radii R E = 6371 × 10 3 m. Second, we also checked directional information through Poynting flux analysis (not shown). It is found that dominant component of Poynting flux lies in the plane perpendicular to the background magnetic field. The direction on the perpendicular plane does not show robust signatures to draw a meaningful conclusion. This might be due to multiple coincident emissions from different source regions, which blur the direction of individual emissions. Third, the magnetosonic waves at the off-equatorial region place an upper bound on wave normal angles of equatorial waves through proton instability. The higher the latitude, the smaller is the wave normal angle at the equator. This might be useful for obtaining the wave normal angle information, when there is no burst mode data available or when the wave normal angle within a few degree from 90°cannot be resolved through available waveform data.
Conclusions
On 13 March 2014, the Van Allen Probe A observed enhanced electromagnetic emissions from the proton cyclotron frequency to the lower hybrid resonant frequency at the off-equatorial region (À16.5°< MLAT < À17.9°) over L shell~2.7-4.6. Observations show that such off-equatorial electromagnetic waves are linearly polarized and propagate nearly perpendicular to the ambient magnetic field, indicating that these off-equatorial electromagnetic emissions are magnetosonic waves. Detailed spectral properties of magnetosonic waves show that the off-equatorial magnetosonic waves exhibit discrete spectral lines and there exist multiples of frequency spacings, including~6 and 9 Hz, which are the same as the equatorial proton cyclotron frequencies at L = 4.2 and 3.7, respectively. Our analysis first reveals the discrete nature of magnetosonic waves at the off-equatorial region and the existence of multiple harmonic spacings. We simulate the propagating process of MS waves to study why MS waves exhibit different harmonic frequency spacing at off-equatorial region based on the observational parameters. Results indicate that the oblique MS emissions at the off-equatorial region may originate from two spatially separated narrow equatorial regions in the same meridional plane.
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